Abstract. High levels of mitotic progression-associated PLK1 and stress-associated HSF1 have been observed in various human cancers. In the present study, we investigated the effects of PLK1 and HSF1 knockdown on the proliferation of oral cancer cells using small interfering RNA. In human oral squamous cell carcinoma (SCC) tissues, the levels of PLK1 and HSF1 were higher compared to normal tissues. The expression levels of PLK1 and HSF1 were also elevated in the human oral SCC cell lines FaDu and HEp-2. Disruption of PLK1 induced cell cycle arrest at G2/M phase as well as apoptosis in oral cancer cells. Interestingly, knockdown of both PLK1 and HSF1 expression decreased cell proliferation while increasing apoptotic cell death in synergistic fashion. These results establish the potential value of PLK1 and HSF1 as targets for oral cancer therapy.
Introduction
Polo-like kinase 1 (PLK1) is a serine/threonine protein kinase that acts as an important cell signaling regulator. It is involved in the regulation of the cell cycle, centrosome maturation, regulation of anaphase-promotion complex and bipolar spindle formation (1) (2) (3) . Recent findings suggest that the expression of PLK1 is elevated in many types of human cancer, including head and neck squamous cell carcinoma, prostate cancer, pancreatic cancer, breast cancer, colorectal cancer and ovarian cancer (4) (5) (6) . It has been suggested that PLK1 plays a key role in G2/M phase progression by regulating the targeting of cyclin B and the activity of cdc25C phosphatase (7, 8) . PLK1 also binds to the tumor suppressor p53 in mammalian cells, inhibiting its transactivation as well as pro-apoptotic function (9) . Several studies have recently shown that inhibition of PLK1 leads to cell cycle arrest, induction of apoptosis and suppression of cancer cell growth both in vitro and in vivo (10) (11) (12) (13) .
Heat shock factor 1 (HSF1) is a transcription factor that is strongly conserved from yeast to humans. HSF1 is responsible for the expression of a large class of heat shock proteins (Hsps), which serve to protect cells from damage as a result of cellular insults such as heat and oxidative stress (14, 15) . Upon sensing stress, HSF1 undergoes a transition from a monomeric to a homotrimeric form, where it localizes to the nucleus, binds DNA and acts as a transactivator (16) . Recent studies have reported that expression of HSF1 is observed in several human cancers such as prostate and colorectal cancer (17, 18) . Additionally, the expression of Hsps becomes dysregulated in cancer tissues and cell lines. The aberrant expression of Hsp27, Hsp70 and Hsp90 reported in human malignant cancers of various origin correlates with the development of cancer, invasiveness, metastasis, resistance to chemotherapy, and radiation therapy (19) (20) (21) (22) . Therefore, it is strongly proposed that HSF1 and Hsps could be considered targets for novel cancer therapies.
Oral cancer is one of the fastest growing malignancies and particularly dangerous because of a high risk of producing secondary tumors. There are several types of oral cancers of which 90% are squamous cell carcinomas (23, 24) . Despite enormous efforts for improvement, survival rates have remained unchanged over 20 years due to a lack of markers for early prognosis and the failure of advanced lesions to respond to chemotherapy.
In this study, we evaluated the relationship of PLK1 and HSF1 as targets for oral cancer by using siRNA-mediated gene silencing techniques. We demonstrate that knockdown of both PLK1 and HSF1 in oral squamous cell carcinoma cells strongly inhibits cell proliferation while inducing cell death. These findings establish the double knockdown of PLK1 and HSF1 as a potential strategy for cancer therapy.
Materials and methods
Cell culture. Human FaDu (hypopharyngeal cancer) and HEp-2 (laryngeal cancer) cells were obtained from the American Type Culture Collection (Manassas, VA). Cells were maintained in MEM medium supplemented with 5% fetal bovine serum, 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen, CA siRNA experiments. A 19-nucleotide double-stranded siRNA for HSF1 was generated using oligonucleotide (5'-TTCCTG ACCAAGCTGTGGA-3') and inserted into the 5'-XhoI and 3'-XbaI sites of the pSuppressorNeo vector (Imgenex, San Diego, CA). Cells were transfected with RNAi expression vector for HSF1 (pSuppressorNeo-HSF1) using FuGENE 6 reagent (Roche Molecular Biochemicals, Indianapolis, IN) according to the manufacturer's instructions. siRNA construct for PLK1 was obtained in the form of Silencer ® select validated siRNA (Applied Biosystems, Foster City, CA). Cells were transfected with siRNA using X-tremeGENE siRNA Transfection Reagent (Roche Molecular Biochemicals) according to the manufacturer's instructions. Cells were harvested 24 h after transfection. Total cell lysates were separated by SDS-PAGE and analyzed by Western blot analysis as described below.
Western blot analysis. Total proteins (50 μg) were resolved by SDS-PAGE and transferred onto PVDF membrane. After blocking, membranes were blotted with antibodies against PLK1, HSF1, Hsp70, Hsp90 or actin (Santa Cruz Biotechnology).
Assessment of cell cycle distribution and apoptosis.
The effect of siRNA on cell cycle distribution was determined by flow cytometric analysis after staining cells with propidium iodide. Briefly, 1x10 6 cells were seeded on a 60 mm dish and allowed to attach overnight. Cells were transfected with siRNA constructs for 24 h. After washing with cold PBS, cells were fixed with 100% ethanol at -20˚C. The cells were then treated with one unit of DNase-free RNase and incubated for 30 min at 37˚C. Propidium iodide was added directly to the cell suspension and then analyzed using a Cell Lab Quanta™ SC flow cytometer (Beckman Coulter Inc., Fullerton, CA). Apoptotic cell death was identified by labeling the cells with Annexin V-FITC and propidium iodide using the Vybrant ® Apoptosis Assay Kit (Invitrogen) according to the manufacturer's instruction.
Kinase assay. The kinase activity of PLK1 and Cdc2/cyclin B complex was measured using CycLex ® PLK1 and CycLex Cdc2/cyclin B kinase assay kits (CycLex Co., Ltd., Nagano, Japan) according to the manufacturer's instructions. The absorbance was measured at a wavelength of 450 nm. The results represent the amount of phosphorylated substrate. 
Results

PLK1 and HSF1 are overexpressed in oral SCC tissues and oral cancer cells.
To investigate the expression levels of PLK1 and HSF1 in human oral squamous cell carcinoma (SCC), we performed an immunohistochemistry assay for PLK1 and HSF1 in five oral SCC tissues. As shown in Fig. 1 , the level of PLK1 was significantly higher in oral SCC compared with that of normal tissue. This result is consistent with high levels of PLK1 previously observed in head and neck squamous cell cancers (HNSCCs) (5). We observed the expression level of HSF1 in oral SCC tissues for the first time and then demonstrated the overexpression of HSF1 in oral SCC (Fig. 1) . The expression levels of PLK1 and HSF1 were also assessed in the human oral SCC cell lines FaDu and HEp-2. As shown in Fig. 2A , the expression levels of PLK1 and HSF1 were much higher in both types of oral cancer cells than in immortalized normal oral keratinocyte (INOK) cells. To evaluate the subcellular localization of PLK1 and HSF1, cells were transfected with pCDNA3.1-FLAG-PLK1 or pCDNA3.1-FLAG-HSF1 mammalian expression vectors. While HSF1 was localized in the cytoplasm and nucleus of FaDu and HEp-2 cells, PLK1 was primarily localized in the nucleus (Fig. 2B) . We next examined PLK1 activity in the cytoplasmic and nuclear fractions. As shown in Fig. 2C , PLK1 activity was higher in the nucleus compared to the cytoplasm, suggesting PLK1 may play a major role in the nucleus.
Depletion of PLK1 and HSF1 inhibits cell proliferation and decreases cell viability.
To specifically deplete the expression of PLK1 and HSF1 in oral cancer cells, we employed siRNA techniques. Transfection of RNAi expression vectors for HSF1 (pSppressorNeo-HSF1) or PLK1 oligonucleotides led to the inhibition of endogenous HSF1 or PLK1, respectively in FaDu and HEp-2 cells (Fig. 3A and B) . The activity of PLK1 was efficiently inhibited by 50 and 70% in siRNAtransfected FaDu and HEp-2 cells, respectively (Fig. 3C) .
We next determined whether PLK1 and/or HSF1 depletion influences cell proliferation. As shown in Fig. 4 , depletion of HSF1 showed slightly decreased cell proliferation. However, depletion of PLK1 largely decreased the cell proliferation and dramatically changed the cell phenotype. Interestingly, depletion of both PLK1 and HSF1 resulted in a synergistic decrease of cell proliferation and showed the increased phenotype of cell death compared with PLK1-depleted cells (Fig. 4) .
PLK1 depletion induces G2/M phase cell cycle arrest.
Previous studies have shown that PLK1 is an important regulator for mitotic entry. To evaluate the effect of PLK1 and HSF1 double knockdown on cell cycle progression, cells were transfected with siRNA for PLK1 and/or HSF1 for 12 h and flow cytometric analysis was performed. As shown in Fig. 5A , depletion of PLK1 increased the number of cells arrested in G2/M phase to 23.17 from 18.35% in control cells. PLK1 acts as a cell cycle regulator to directly target many key cell cycle regulators, such as Cdc2/cyclin B complex. We found that the activity of Cdc2/cyclin B complex in PLK1-depleted cells was 30.2% lower than that of control cells (Fig. 5B) . Cells depleted of PLK1 and HSF1 did not show any difference in Cdc2/cyclin B activity compared with PLK1-depleted cells (Fig. 5 ).
PLK1 and HSF1 double knockdown synergistically induces apoptosis. More importantly, cells accumulated in sub-G1 phase (apoptotic cells) were increased from 1.85% in control cells to 8.53% in PLK1-depleted cells (Fig. 5A) . When cells were subjected to double knockdown of PLK1 and HSF1, sub-G1 phase cells were increased markedly up to 17.46% (Fig. 5A ). These data demonstrate that depletion of both PLK1 and HSF1 significantly increases cellular sensitivity to apoptosis. We further analyzed the effect of PLK1 and HSF1 double knockdown on cell death using flow cytometry. As shown in Fig. 6 , PLK1 depletion resulted in an increase in apoptotic cell death from 2.69 to 29.45% in FaDu cells. HEp-2 cells depleted of PLK1 produced a similar result with apoptotic cell death being increased from 5.30 in control cells to 24.26%. On the contrary, depletion of HSF1 led to a slight increase in apoptotic cell death (Fig. 6) . However, when the cells were cotransfected with siRNA for PLK1 and HSF1, apoptotic cell death was increased markedly up to 46.78 and 64.94% in FaDu and HEp-2 cells, respectively. These results suggest that the depletion of both PLK1 and HSF1 synergistically inhibits cell proliferation while inducing apoptosis in oral carcinoma cells.
PLK1 depletion inhibits the induction of HSF1 and Hsps by heat stress.
Recently, we have shown that PLK1 phosphorylates HSF1 and regulates its nuclear translocation (26) . Therefore, we next investigated whether the stress-induced activation of HSF1 was affected by PLK1 depletion. The cells were transfected with siRNA specific for PLK1, heat shocked at 42˚C for 1 h and then allowed to recover at 37˚C for 6 h. As expected, heat shock treatment induced the expression of HSF1, Hsp70 and Hsp90 in untransfected control cells (Fig. 7) . However, the depletion of PLK1 significantly inhibited the induction of heat shock responsive proteins, suggesting that PLK1 is a key regulator for HSF1 activation (Fig. 7) .
Discussion
PLK1 plays an important role in cellular mitotic events (1-3), and its overexpression is closely related with tumor proliferation (4-6). HSF1 plays a broader role in cellular signaling beyond its well-known roles in stress response and cancer development (14, 27) . Overexpression of HSF1 enhances the survival capacity and chemoresistance of cancer cells. In this study, we demonstrated high levels of PLK1 and HSF1 in oral SCC as well as in oral cancer cells. Furthermore, suppression of PLK1 and HSF1 expression produced antitumor effects in oral cancer cells such as loss of cell viability, cell cycle arrest and apoptosis.
We showed that PLK1 is predominantly localized in the nucleus and that its activity is higher in nucleus than in cytoplasm (Fig. 2) . These results suggest that PLK1 may regulate nuclear proteins and/or transcription factors in the nucleus. Previous studies have shown that PLK1 phosphorylates various proteins such as cyclin B1 and Cdc25C. PLK1 also promotes the nuclear entry of the Cdc2/cyclin B complex, followed by its direct activation during G2/M phase by phosphorylated Cdc25C (7, 8) . We showed that the activity of the Cdc2/cyclin B complex was 30.2% lower in PLK1-depleted FaDu cells than in control cells (Fig. 5B) . In contrast to our results, Liu and Erikson suggested that PLK1 depletion increases Cdc2/cyclin B complex activity in HeLa cells (28) . However, Fink et al showed that inhibition of PLK1 activity exerts contrary effects depending on cell type (29) . Current studies in our laboratory are underway to explore the signaling pathway modulated by PLK1 in oral cancer cells.
The aberrant expression of HSF1 and Hsps has been observed in aggressively malignant human cancer tissues (15) (16) (17) (18) (19) . It is also reported that PLK1 is associated with Hsp90 and this relationship is important to centrosome function, cell division and may play a role in certain oncogenic events (30, 31) . Previously, we demonstrated that PLK1 phosphorylates and thereby regulates the nuclear translocation of HSF1 (26) . Therefore, we assessed whether HSF1 activation is affected by PLK1 depletion. The results showed that depletion of PLK1 significantly inhibits the expression of HSF1 as well as Hsp70 and Hsp90, the major targets of HSF1 (Fig. 7) . This result strongly suggests that Hsp induction and PLK1 activation is closely related in oral cancer cells. We clearly showed that the combination of selective silencing of PLK1 and HSF1 synergistically inhibits cell proliferation and induces cell death in PLK1 and HSF1 double knockdown cells.
In conclusion, the results of this study, using siRNAmediated gene silencing of PLK1 and HSF1, showed strong inhibition of cell proliferation, cell cycle arrest and induction of apoptosis in oral cancer cells, thereby demonstrating its potential value as a target for oral cancer therapy.
